Abstract: We have previously developed a chelate-setting calcium-phosphate cement (CPC) consisting of hydroxyapatite (HAp) powders surface-modified with inositol hexaphosphate (IP6). In the present study, mechanically ball-milled α-tricalcium phosphate (α-TCP) powders were added into the IP6-HAp cement in order to enhance its anti-washout capability and mechanical properties. After optimization of the ball-milling conditions, the cement specimens mixed with various amounts of the prepared α-TCP powders were fabricated. Examinations of their mechanical properties revealed significant increase of compressive strength (CS) with the addition of the α-TCP powders. Further, it was demonstrated that the specimens of the IP6-HAp powders / the α-TCP powders mixing ratios of 20/80 and 30/70 [g/g] exhibited comparatively high anti-washout capability. In conclusion, these cements are promising chelate-setting CPCs with enhanced anti-washout capability and mechanical properties.
INTRODUCTION
Calcium-phosphate cements (CPCs) have been used for repair, augmentation, and regeneration of bones in orthopedic and dental applications because of their biocompatibility and osteoconductivity. Over other types of bone grafting materials such as dense blocks, porous ceramics, and granules, CPCs have an advantage in that they can be shaped to the defect site after injection.
In general, CPCs are fabricated by mixing calcium-phosphate powders with suitable aqueous solution. One of the typical CPCs consists of two different powders: acidic dicalcium phosphate dihydrate (CaHPO 4 ·2H 2 O; DCPD) and basic tetracalcium phosphate (Ca 4 (PO 4 ) 2 O; TTCP) 1 . However, the setting reaction may cause inflammation in the surrounding tissues by the acid-base reaction 2 .
One of the present authors and his coworkers have developed a novel CPC based on the chelate-setting mechanism of inositol hexaphosphate (IP6) 3, 4 .
The IP6 has a strong chelating capability to calcium ions in a similar manner to ethylenediaminetetraaceticacid (EDTA). The newly-developed CPC was created by mixing hydroxyapatite (HAp) powders that were surface-modified with the IP6 (hereafter, IP6-HAp powders) and suitable mixing solution.
In order to enhance paste-like feature and anti-washout capability of the chelate-setting IP6-HAp cement, surface modification process of the HAp powders with IP6 was recently modified 5 . In the new process, the cement powders were prepared by simultaneous grinding and surface modification of the HAp powders in various concentrations (1,000-20,000 ppm) of the IP6 solution 6 . It was demonstrated that the IP6-HAp cements fabricated by mixing the HAp powders surface-modified with 5,000 to 10,000 ppm of the IP6 solution and distilled water had relatively high consistency and compressive strength (CS).
However, handling ability, anti-washout capability, and mechanical properties were still insufficient for clinical application.
In the present study, α-tricalcium phosphate (α-TCP) powders were added into the IP6-HAp cement fabricated from the HAp powders surface-modified with 8,000 ppm of the IP6 solution. We expected that anti-washout capability and mechanical properties of the cement would be enhanced by formation of calcium-deficient HAp (CDHA) through hydrolysis reaction of the α-TCP powders 7, 8 . In general, α-TCP powders are mechanically ball-milled for adjustment of particle size to be used as a powder component of CPCs [9] [10] [11] [12] [13] .
In addition, we used aqueous chitosan solution as the mixing solution to enhance handling ability and mechanical properties of the IP6-HAp cement mixed with the ball-milled α-TCP powders according to a previous report 14 . Konishi et al. successfully enhanced handling ability and mechanical properties of the β-tricalcium phosphate (β-TCP) chelate-setting cements by adding chitosan as a cohesion promoter to mixing solutions for cement preparation.
We firstly optimized the ball-milling conditions of the α-TCP powders to be added into the IP6-HAp cement using three kinds of commercially-available α-TCP raw powders, whose particle sizes were different from each other. On the basis of the findings, effects of addition of the prepared α-TCP powders on anti-washout capability and mechanical properties of the IP6-HAp cement were examined using aqueous chitosan solution as the mixing solution.
MATERIALS AND METHODS

Preparation of ball-milled α-TCP powders
Ten grams of commercially-available α-TCP raw powders (α-TCP, α-TCP-A, and α-TCP-B; Taihei Chemical Industrial Co., Ltd., Japan) were used as the starting materials. The order of the particle sizes was α-TCP > α-TCP-A > α-TCP-B. Three kinds of α-TCP powders were independently ground using a planetary ball-mill (Pulverisette 6, Fritsch, Germany) for 30, 60, 120, 180, 240, or 300 min at a rotation rate of 300 rpm in a ZrO 2 pot with 180 g of ZrO 2 beads with 2 mm in diameter under wet conditions (40 cm 3 of distilled water). After ball-milling, the resulting slurry was filtered and freeze-dried for 24 h to yield the ball-milled α-TCP powders. Hereafter, samples are denoted according to the milling time and the type of the raw powders; for example, the α-TCP-A powders ball-milled for 120 min in distilled water is denoted as "α-TCP-A-120".
Characterization of the prepared α-TCP powders
X-ray diffraction (XRD; Ultima IV, Rigaku Co., Japan) analysis of the prepared α-TCP powders was conducted using a CuKα radiation source. Data was collected in the range of 2θ = 10-50° with a step size of 0.02° and counting time of 1.2 s/steps. The specific surface area (SSA) of the α-TCP powders was determined by the Brunauer-Emmett-Teller (BET) method using a BET surface area analyzer (Flowsorb III, Shimadzu Co., Japan). The median particle size was measured with a laser particle size analyzer (LA-300, Horiba Ltd., Japan).
Preparation of HAp powders surface-modified with IP6
IP6-Na solution with concentration of 8000 ppm was prepared using 50% phytic acid (Wako Pure Chemical Industries, Ltd., Japan) and adjusted to pH 7.3 with NaOH solution. Ten grams of commercially-available HAp powders (HAp-100; Taihei Chemical Industrial Co. Ltd., Japan) were simultaneously ground and surface-modified by ball-milling with 50 cm 3 of the 8000 ppm IP6-Na solution using the planetary ball-mill for 60 min at a rotation rate of 300 rpm in a ZrO 2 pot with 180 g of ZrO 2 beads with 2 mm in diameter. After ball-milling, the resulting slurry was filtered and freeze-dried for 24 h to yield the IP6-HAp powders.
Preparation of the cement pastes and their evaluations
The IP6-HAp powders were premixed with the prepared α-TCP-60 powders at various mixing ratios for 5 min using Super Micro V-Shape Mixer (MC, Tsutsui Scientific Instruments Co. Ltd., Japan). The mixing ratios of the IP6-HAp powders / α-TCP-60 powders were in the range of 0/100, 10/90, 20/80, 30/70, 50/50, 80/20, and 100/0 [g/g]. The mixing solution including 2.5 mass% of sodium dihydrogen phosphate and 10 mass% of chitosan was prepared using sodium dihydrogen phosphate (Wako Pure Chemical Industries, Ltd., Japan) and chitosan (Daichitosan Coat GL; Dainichiseika Color & Chemicals Mfg. Co. Ltd., Japan), and adjusted to pH 7.0 with NaOH solution. The premixed powders were further mixed for 1 min with the mixing solution to yield the cement pastes. The powder/liquid (P/L) ratios were in the range of 1/0.86, 1/0.75, 1/0.70, and 1/0.60 [g/cm 3 ].
The initial setting time (IST) was measured using light Gillmore needle (113.4 g) according to JIS T 0330-4. The prepared cement pastes were packed in plastic molds (8 mm in diameter and 2 mm in height), and the IST was measured at desired period until the cement pastes were set. Three cement specimens were tested to obtain the average value with standard deviation.
For the CS test, the resulting cement pastes were packed in cylindrical Teflon ® molds (6 mm in diameter and 12 mm in height), maintained at 37°C at 100% humidity for 1 h, and kept in distilled water at 37°C for 24 h. The CS test was performed on the cement specimens using a universal testing machine (EZ graph, Shimadzu Co., Japan) according to JIS T 0330-4. The crosshead speed was 0.5 mm/min, and a load cell of 5 kN was used. Four cement specimens were tested to obtain the average value with standard deviation. The relative density (RD) of the cement specimens was calculated from the bulk density divided by the theoretical density of HAp (3.16 g/cm 3 ).
The anti-washout capability test was also conducted according to JIS T 0330-4. At 5 min after mixing the cement pastes, 0.3 cm 3 of the cement pastes were pushed out by syringes onto wire gauze. Subsequently, the cement pastes were immersed into saline (30 cm 3 ) with the wire gauze. After 24 h immersion at 37°C, the cement specimens on the wire gauze, and the washed-out specimens under that were taken out and dried at 60°C for 24 h, respectively. Washout ratios were calculated according to the following equation (1):
where W A represents the weight of the cement specimens on the wire gauze and W B represents the weight of the washed-out cement specimens under the wire gauze. Four cement specimens were tested to obtain the average value with standard deviation.
RESULTS AND DISCUSSION
Characterization of prepared α-TCP powders Figures 1, 2 and 3 show the XRD patterns of the ball-milled α-TCP powders prepared from three kinds of commercially-available raw powders: α-TCP (Fig.  1) , α-TCP-A (Fig. 2) , and α-TCP-B (Fig. 3) .
The XRD patterns of the three raw powders indicated the typical α-TCP single phase with high crystallinity as shown in Fig. 1(g), Fig. 2(g) , and Fig.  3(g) . The XRD intensities of the ball-milled α-TCP and α-TCP-A powders decreased with increasing milling time due to the transformation from crystalline to amorphous state as previously reported [9] [10] [11] [12] [13] . On the other hand, phase transformation of the α-TCP-B powders was confirmed when they were ball-milled for over 180 min (Fig. 3(a)-(c) ). These results indicated that the α-TCP-B powders, which were 
FIGURE 2 XRD patterns of the ball-milled α-TCP powders prepared from α-TCP-A: (a) α-TCP-A-300, (b) α-TCP-A-240, (c) α-TCP-A-180, (d) α-TCP-A-120, (e) α-TCP-A-60, (f) α-TCP-A-30, and (g) raw α-TCP-A.
White circles indicate typical α-TCP peaks.
FIGURE 3 XRD patterns of the ball-milled α-TCP powders prepared from α-TCP-B: (a) α-TCP-B-300, (b) α-TCP-B-240, (c) α-TCP-B-180, (d) α-TCP-B-120, (e) α-TCP-B-60, (f) α-TCP-B-30, and (g) raw α-TCP-B.
White circles indicate typical α-TCP peaks and white triangles indicate typical HAp peaks. composed of the smallest particles among the three raw powders, tended to be transformed into the CDHA by hydrolysis reaction during the ball-milling process under wet conditions.
Median particle size and SSA of the ball-milled α-TCP powders are shown in Figure 4 (a) and (b), respectively. Regardless of the types of the raw powders, the smallest particles were obtained by 120 min of ball-milling. It was also observed that median particle size of the α-TCP-B powders ball-milled for over 120 min significantly increased with increasing milling time. These results implied that degree of aggregation of the newly formed CDHA was enhanced by the ball-milling.
SSAs of the ball-milled α-TCP and α-TCP-A powders were almost the same at any milling time, and the slight increase with increasing milling time was confirmed. In contrast, SSA of the ball-milled α-TCP-B powders rapidly increased especially after 120 min of ball-milling, indicating that the transformation into the CDHA occurred during the ball-milling as demonstrated by the XRD patterns (Fig.  3 ). Figure 5 shows particle morphologies of the raw α-TCP-B, the α-TCP-B-120, and the α-TCP-B-240 powders. The particle sizes of the α-TCP-B-120 powders were smaller than those of the raw α-TCP-B powders, corresponding to the results of median particle size measurement shown in Fig. 4(a) . Figure FIGURE Konishi et al. reported that decrease in particle size of α-TCP powders was dominant for their dissolution and increase in CS of the chelate-setting α-TCP cement specimens 15 . Figures 1, 2, and 4(a) demonstrated that the α-TCP-120 powders and the α-TCP-A-120 powders were α-TCP single phase and composed of the smallest particles. In this study, however, α-TCP-60 powders were used for the addition into the IP6-HAp cement taking account of the preparation time and expenses of the raw materials.
Evaluations of the IP6-HAp cement specimens mixed with α-TCP powders
In order to clarify effects of the addition of the α-TCP-60 powders into the IP6-HAp cement, IST, anti-washout capability, and mechanical properties of the IP6-HAp cement specimens mixed with various amounts of the α-TCP-60 powders were examined. The CS and the RD of the cement specimens were also examined. Figures 6(b) and (c) show the results of the CS and the RD, respectively. The CS and the RD of the IP6-HAp cement paste without the addition of the α-TCP-60 powders couldn't be evaluated due to its long setting time. It was observed that the CS of the cement specimens tended to increase with increasing amount of the α-TCP-60 powders and decreasing P/L ratio. In contrast, the RD of the cement specimens decreased with decreasing P/L ratio. These results indicated that entanglement of the CDHA particles formed by the hydrolysis reaction of the α-TCP-60 powders enhanced the CS of the cement specimens in spite of the decreasing P/L ratio and RD. Figure 6(d) shows the relationship between the anti-washout capability of the cement pastes and the mixing ratios. The IP6-HAp cement paste without addition of the α-TCP-60 powders was mostly washed out due to its long setting time (data not shown). In contrast, the washout ratio was significantly decreased by the addition of the α-TCP-60 powders. Especially, the cement specimens of the mixing ratios of 20/80, 30/70, and 80/20 [g/g] exhibited relatively low washout ratios, presumably because of higher P/L ratios, the chelate-bonding of the IP6, and the formation of the CDHA. In contrast, washout ratio of the cement specimens of the mixing ratio of 10/90 [g/g] was significantly high due to lower P/L ratio and lack of the chelate-bonding. On the other hand, the cement specimens of the mixing ratio of 50/50 [g/g] also showed high washout ratio. Though the reason was not clear, it was implied that the chelate-bonding and the formation of the CDHA would partially cancel out each other.
Considering the results of material properties of the IP6-HAp specimens mixed with α-TCP-60 powders shown in Figures 6 (a-d) , the IP6-HAp powders / the α-TCP-60 powders mixing ratios of 20/80 and 30/70 [g/g] seemed to be optimum for preparation of the cement pastes with sufficient anti-washout capability and mechanical properties.
CONCLUSION
In the present study, we aimed to enhance handling ability, anti-washout capability, and mechanical properties of the chelate-setting IP6-HAp cement by the addition of the α-TCP powders. On the basis of the optimization of the preparation conditions of the α-TCP powders, we fabricated IP6-HAp cement pastes mixed with the α-TCP powders ball-milled for 60 min. Significant shortening of IST of the cement pastes was confirmed by the addition of the α-TCP powders. In addition, CS of the cement specimens were considerably increased with the increasing amount of the α-TCP powders. It was also demonstrated that the IP6-HAp cement pastes mixed with the α-TCP powders showed significantly lower washout ratio than the cement paste without the α-TCP powders.
In conclusion, the IP6-HAp cements mixed with the α-TCP powders at the mixing ratios of 20/80 and 30/70 [g/g] are especially promising for clinical use due to their enhanced handling ability, anti-washout capability, and mechanical properties.
